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[1] Although irrigated agriculture is the primary consumer of global groundwater
resources, information on recharge rates and sustainable irrigation is limited. The study
objective was to fingerprint irrigation return flow to quantify percolation/recharge and to
estimate sustainable irrigation levels. This paper focuses on water quantity; a companion
paper addresses water quality. Soil samples from 13 boreholes drilled beneath irrigated
agroecosystems in the southern High Plains were analyzed for matric potential and water‐
extractable Cl and NO3. Unsaturated zone pore water beneath irrigated agroecosystems
can be fingerprinted by higher matric potentials (wetter soils, median mp: −40 m) and
higher NO3‐N (median 71 mg/L) than beneath natural ecosystems (mp −200 m; NO3‐N
8.1 mg/L) and by higher Cl (720 mg/L) than beneath rain‐fed agroecosystems (8.4 mg/L).
The range in percolation/recharge rates beneath irrigated agroecosystems is 18–97 mm/a
(median 41 mm/a; 5% of irrigation + precipitation) and occurs primarily in response to
extreme precipitation events. Similarity in percolation/recharge rates beneath irrigated and
rain‐fed (4.8–92 mm/a) agroecosystems was unexpected and is attributed to low irrigation
applications (median 300 mm/a) and increased crop yield and evapotranspiration in
irrigated areas. Regional water table declines are unsustainably large (≥ 30 m over
10,000 km2) in the north and are much lower in the south. Sustainable irrigation in the
south would require reduction of the irrigated area from 23% to 9%. Methods developed
for quantifying recharge and sustainable irrigation application rates can be applied to
groundwater‐fed irrigated areas in semiarid regions globally.
Citation: Scanlon, B. R., R. C. Reedy, and J. B. Gates (2010), Effects of irrigated agroecosystems: 1. Quantity of soil water and
groundwater in the southern High Plains, Texas, Water Resour. Res., 46, W09537, doi:10.1029/2009WR008427.
1. Introduction
[2] Irrigated agriculture has played a critical role in
increasing crop yields during the past 50–60 years. India ranks
highest in terms of irrigated area (57 million hectares, Mha),
followed by China (54 Mha) and the United States (29 Mha)
[Siebert et al., 2005]. Groundwater‐fed irrigation is projected
to increase in the future because of reduced reliability of pre-
cipitation, surface water, and soil moisture related to increasing
intensity of the hydrologic cycle, with longer term droughts
interspersedwithmore extreme flooding [Tebaldi et al., 2006].
Groundwater‐fed irrigation has already been expanding in the
past couple of decades, as seen in India, China, and the United
States [Scanlon et al., 2007].
1.1. What Techniques Can Be Used to Estimate
Percolation/Recharge Under Irrigated Areas?
[3] Various approaches have been used to estimate per-
colation/recharge under irrigated areas. Percolation refers to
water drainage below the root zone, whereas recharge
occurs when water reaches the water table; however, the two
terms are sometimes used interchangeably if percolation is
projected to reach the water table. The water table fluctua-
tion method cannot be used to estimate recharge because
water table rises related to recharge are overwhelmed by
declines caused by groundwater pumpage in irrigated areas.
The water budget approach could be used if the various
fluxes were monitored; however, irrigation pumpage or
irrigation application rates and evapotranspiration (ET) are
rarely monitored. If unsaturated pore water derived from
irrigation could be fingerprinted, percolation/recharge rates
could be calculated from transport of irrigation return flow.
1.2. How Can Irrigation Return Flow Be Fingerprinted
in the Unsaturated Zone?
[4] Some studies have relied on the presence of bomb
pulse tritium in pore water to determine the penetration
depth of post‐1950s water that generally corresponds to
timing of irrigation in the southwest United States
[McMahon et al., 2006]. Others have applied tracers to the
soil profile to track downward water movement over a
limited time (1–2 years), such as application of tritium and
bromide at sites in the North China Plain [Wang et al.,
2008]. Measuring tritium in unsaturated sediments is diffi-
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cult, and applying tritium to the soil profile is prohibited in
many countries. Studies have also used differences in water
chemistry between irrigation return flow and pre‐irrigation
water to track downward movement of irrigation water, such
as variations in Cl concentrations in irrigated sites in the
Mojave Desert [Stonestrom et al., 2003].
1.3. What Controls Percolation/Recharge
Under Irrigated Agroecosystems?
[5] Controls on recharge under natural ecosystems or non-
irrigated or rain‐fed agroecosystems, such as climate, vegeta-
tion, and soils, should also impact recharge under irrigated
agroecosystems, in addition to irrigation application rate. Pre-
cipitation that is not coincident with crop growth and intense
precipitation should increase recharge. Vegetation controls
correspond to crop yields in irrigated areas. Although percola-
tion/recharge is generally assumed to be higher beneath irrigated
versus nonirrigated sites, this may not be true if crop yields in
irrigated sites greatly exceed those in nonirrigated sites. Fine‐
grained soils may retain irrigation water within the crop‐root
zone, enhancing ET and reducing percolation/recharge.
1.4. How Do Percolation/Recharge Rates Beneath
Irrigated Cropland Compare With Those Beneath
Rain‐Fed Cropland?
[6] It is not evident from the literature that field studies
have compared percolation/recharge beneath irrigated and
nonirrigated (rain‐fed or dry land) agroecosystems. Many
studies quantify recharge only beneath irrigated cropland
[Kendy et al., 2003; Wang et al., 2008]. Some studies com-
pare recharge beneath natural ecosystems and irrigated agroe-
cosystems and show generally higher recharge under irrigated
agroecosystems [Stonestrom et al., 2003; McMahon et al.,
2006]. Groundwater modeling studies often assume that
recharge beneath irrigated agroecosystems is higher by up
to an order of magnitude than that under other land‐use
settings [Blandford et al., 2003; Luckey and Becker, 1999].
Recharge rates may vary with irrigation technology. For
example, groundwater models of the southern High Plains
(SHP) assume that irrigation return flow ranges from 55% of
the applied water in the 1940s–1960s to 10% in 1996–2000
with conversion of gravity‐fed flood systems to sprinkler
center pivot systems [Blandford et al., 2003]. Because of the
additional water applied to irrigated systems, percolation/
recharge rates might be expected to be higher than beneath
rain‐fed systems; however, the increased water application
rate may be offset by increased yield and ET from irrigated
systems relative to rain‐fed systems.
1.5. What Irrigation Application Rates Are
Sustainable?
[7] Large‐scale depletion of groundwater resources in
many irrigated areas provides evidence of unsustainable
irrigation practices. Declines of up to 0.7 m/a have been
reported in the North China Plain on the basis of ground-
water‐level data [Zhang et al., 2004], a mean of 0.3 m/a in
NW India on the basis of GRACE satellite data [Rodell
et al., 2009], and up to 1.2 m/a in the United States. High
Plains on the basis of groundwater level data [McGuire,
2009]. Estimating sustainable irrigation rates requires infor-
mation on the rate that groundwater is being renewed or
recharged in a system. Many studies have shown that
recharge rates in semiarid regions vary by land use, with
little or no recharge beneath natural ecosystems, and 1 to
2 orders of magnitude higher recharge under rain‐fed agro-
ecosystems in SE Australia, SW United States, and W Africa
[Scanlon et al., 2007]. Area‐weighted recharge rates on the
basis of land use can provide preliminary estimates of the
amount of irrigation that can be applied sustainably.
[8] The U.S. High Plains provides an excellent area for
investigating impacts of irrigation on water resources. The
High Plains has been subdivided into northern, central, and
southern parts according to aquifer boundaries and other
factors [McMahon et al., 2007]. The High Plains irrigated
area represents 27% of irrigated land in the United States.
Irrigation in the High Plains accounts for ∼30% of total U.S.
groundwater irrigation use [Qi et al., 2002] and ∼95% of
groundwater pumpage from the High Plains (Ogallala)
aquifer. Assessing groundwater sustainability issues in the
High Plains is critical for water resources management
[Sophocleous, 2005]. Groundwater depletion from irrigation
is greatest in the northern part of the southern High Plains,
with groundwater‐level declines locally ≥ 50 m and reduc-
tions in aquifer‐saturated thickness ≥ 50% [McGuire, 2009].
Irrigated agriculture in the Texas part of the High Plains
began in the 1940s and expanded greatly in the 1950s and
1960s. Irrigated area peaked in the mid‐1970s (2.4 Mha)
and had decreased to 1.9 Mha by 2000 [Colaizzi et al.,
2008]. Irrigation technology changed over time, from
∼90% gravity‐fed graded furrow and 10% sprinkler in the
late 1950s to 70% sprinkler and the remainder gravity fed
and 0.5% subsurface drip irrigation in 2000 [Colaizzi et al.,
2008]. During predevelopment, i.e., prior to irrigation pum-
page, groundwater discharged through springs along streams
and along the margins of the High Plains. With expansion
of irrigation, natural discharge has greatly decreased, and
discharge now occurs primarily through irrigation pumpage
(94% of total discharge) [Blandford et al., 2003], resulting in
the SHP effectively becoming a closed basin.
[9] Previous studies in the SHP have related percolation/
recharge rates to different land uses [McMahon et al., 2006;
Scanlon et al., 2007]. Predominantly piston‐type flow results
in subsurface flow response to land‐use change being pre-
served in the hydrostratigraphic record of soil physics and
environmental tracers, such as Cl [Scanlon et al., 2007].
Percolation/ recharge rates and pore water ages were esti-
mated using the subsurface distribution of environmental Cl
tracer from bulk precipitation (wet precipitation and dry
fallout) [Allison and Hughes, 1983; Scanlon et al., 2002].
Natural grassland/shrubland ecosystems are characterized by
zero recharge since Pleistocene times (10,000–15,000 years
ago) and buildup of Cl in the unsaturated zone [Scanlon
et al., 2003]. In contrast, conversion to rain‐fed agroeco-
systems is characterized by an increase in recharge (median
of 19 profiles: 24 mm/a) that flushes Cl to varying depths in
the unsaturated zone or into the underlying aquifer [Scanlon
et al., 2007]. The increase in recharge is caused by the change
from native perennial vegetation with deep roots (≥ 3 m) to
annual crops with shallow roots (mostly ≤ 0.5 m). Infor-
mation on recharge beneath irrigated cropland in the SHP
based on previous studies is limited to two profiles, with
percolation rates of 17 and 32 mm/a estimated on the basis
of the distribution of bomb tritium [McMahon et al., 2006].
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[10] The objectives of this study were to determine whether
irrigation return flow could be fingerprinted in the subsur-
face, estimate percolation/recharge rates under irrigated
agroecosystems and compare these rates with those under
rain‐fed agroecosystems, evaluate controls on percolation/
recharge, and assess what level of irrigation is sustainable on
the basis of regional recharge rates. This paper is the first of a
two‐part series focusing on irrigation impacts on soil water
and groundwater quantity; the second part focuses on irri-
gation impacts on water quality [Scanlon et al., 2010].
Assessing impacts of irrigation on water quantity relies on
the ability to fingerprint unsaturated zone pore water related
to irrigated agroecosystems from that related to rain‐fed
agroecosystems or natural ecosystems. Prior to this study, it
was not known whether irrigation return flow in the SHP
could be fingerprinted using tracers other than dating pore
water with tritium, as shown byMcMahon et al. [2006]. The
location of irrigation return flow in the system was generally
not known. The limited number of profiles from McMahon
et al. [2006] indicates that irrigation return flow is still
within the unsaturated zone; however, groundwater model-
ing of the region assumed that irrigation return flow had
recharged the aquifer [Blandford et al., 2003]. The avail-
ability of detailed percolation/recharge rates for rain‐fed
agroecosystems in the SHP provides an opportunity to
compare percolation/recharge rates beneath rain‐fed and
irrigated agroecosystems. The approaches developed in this
study to fingerprint irrigation return flow and quantify per-
colation/recharge rates beneath irrigated agroecosystems
should be applicable to groundwater‐fed irrigated areas in
other semiarid regions globally and can be used to determine
what levels of irrigation can be managed sustainably with
respect to groundwater quantity.
2. Materials and Methods
2.1. Site Characteristics and History
[11] The SHP covers 75,500 km2 in Texas and New
Mexico. This study focuses on the Texas portion (56,700
km2), consisting of natural grasslands (26%), shrublands
(19%), rain‐fed agroecosystems (36%), irrigated agroeco-
systems (14%), and other land types (6%) (Figure 1). The
irrigated area covers 29% of cultivated land in the Texas
part of the SHP. Soil clay content decreases from north to
south in the SHP and is highest in the north (39–45%,
median 42%), where the low‐permeability Pullman clay
loam is found [Unger and Pringle, 1981] and which covers
25% of the Texas SHP (auxiliary material Figure S1).1 Clay
content decreases sharply to 30–35% adjacent to the Pull-
man clay‐loam boundary and decreases regionally to ∼15–
25% in the southern part of the SHP, where Amarillo, Olton,
and Patricia soils are found [U.S. Department of Agriculture,
1994, 1995]. Soil permeability correspondingly increases
regionally toward the southern parts of the SHP.
[12] Precipitation contours generally trend north–south
and long‐term (1971–2000) mean annual precipitation ran-
ges from 360 mm/a in the west (New Mexico) to 600 mm/a
in the east (www.prism.oregonstate.edu). Seasonal precipi-
tation in the SHP is dominated by summer convective
storms (77% of annual precipitation May–October). The
dominant cash crop in the SHP from 1972 to 2007 was
cotton (annual mean 44% of cultivated area) (http://www.
nass.usda.gov, accessed February 2009). Approximately
50% of the cotton was irrigated, resulting in 70% of SHP
total production and accounting for a mean of 17% of U.S.
total production. The mean annual economic value of the
SHP cotton crop was $1.37 billion (1972–2007, inflation
adjusted). Other SHP crops included winter wheat (29% of
cultivated area), sorghum (17%), and corn (7%).
[13] Thickness of the SHP (Ogallala) aquifer is quite
variable because of paleotopographic relief created at the
end of the Laramide orogeny. There is a paleoupland in the
south, where the Ogallala Formation is underlain by Cre-
taceous sediments, and a paleovalley in the north, where
Cretaceous sediments are absent because of erosion. These
paleouplands and paleovalleys can generally be seen in
variations in predevelopment saturated thickness of the
Figure 1. Borehole locations and generalized land use
(National Land Cover Data, NLCD, 2001) in the southern
High Plains (SHP). Irrigated land use based on Qi et al.
[2002]. Borehole map reference numbers are shown for
natural and irrigated setting boreholes (Table 1). Rain‐fed
borehole locations from Scanlon et al. [2007] are shown
without designations for reference. Black line in the Texas
portion of the SHP represents the 500 mg/L groundwater total
dissolved solids (TDS) contour that defines the boundary
between low TDS groundwater to the north (SHP‐N, median
390 mg/L) and high TDS groundwater to the south (SHP‐S,
median 890 mg/L). Boreholes 14 and 15 in irrigated agro-
ecosystems and borehole 20 in a natural ecosystem represent
MPL, JRW, and MWR boreholes from McMahon et al.
[2006], respectively.
1Auxiliary materials are available in the HTML. doi:10.1029/
2009WR008427.
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aquifer (median 16 m in the south and 45 m in the north).
Current median water table depth varies from 25 m in the
south to 63 m in the north. These regional variations in
paleotopography and aquifer‐saturated thickness are also
related to variations in groundwater total dissolved solids
(TDS), with the 500‐mg/L TDS line dividing high‐TDS
water in the south (SHP‐S, median 890 mg/L) and low‐TDS
water in the north (SHP‐N, median 390 mg/L) (Figure 1).
2.2. Physical and Chemical Measurements
[14] Thirteen boreholes were drilled and sampled in areas
of irrigated agroecosystems in the SHP for analysis of soil
physical parameters (water content and matric potential) and
anions Cl and NO3 (Figure 1). Continuous soil cores were
obtained using a direct push drill rig (Model 6620 DT,
Geoprobe, Salina, KS). Methods of drilling and sample
collection are similar to those described by Scanlon et al.
[2007]. Land use history at the different sites generally
changed from natural ecosystems to rain‐fed cropland and
then irrigated cropland (auxiliary material). However, this
land use history may not apply to all irrigated regions in the
SHP because some rolling, sandy sites were converted
directly from natural ecosystems to irrigated agroecosystems
with center pivot systems. Irrigation technology remained
uniform at some sites but changed from gravity‐fed flood
systems to center pivot sprinkler systems at other sites.
Boreholes were located a minimum of 30 m within the limits
of the irrigated areas to minimize field edge effects.
[15] Chemical parameters were analyzed by leaching soil
samples. Approximately 40 mL of double deionized water
was added to ∼25 g of soil. The mixture was placed in a
reciprocal shaker for 4 h and centrifuged at 7000 rpm for
20 min, and the supernatant was filtered (0.2 mm filter).
Soil samples were then oven‐dried at 105°C for 48 h to
determine gravimetric water content. Water extractable con-
centrations of major anions were measured using ion chro-
matography (Dionex ICS 2000; EPA Method 300.0). Water
extractable concentrations were calculated on a mass basis
(mg ion per kg of dry soil) by multiplying ion concentrations
in the supernatant by the extraction ratio (g water/g soil). Ion
concentrations are expressed as mg ion per L of soil pore
water and were calculated by dividing concentrations in
mg/kg by gravimetric water content and multiplying by
water density. Water samples were collected from irrigation
wells and anion concentrations were measured using ion
chromatography.
[16] Information on water‐potential gradients is important
for determining direction of water movement. Soil water
moves from regions of high to low total potential (sum of
matric, gravitational, and osmotic potentials). Osmotic
potential is generally ≤ 10% of total potential and is usually
ignored in low‐salinity environments [Scanlon et al., 2003].
Water (matric + osmotic) potentials were measured in the
laboratory using a chilled‐mirror psychrometer in the dry
range (≤ −8 m; Model WP4T, Decagon Devices, Pullman,
WA) and matric potential was measured using tensiometers
in the wet range (≥ −8 to 0 m) (Model T5, UMS, Munich,
Germany). Because matric potential is dominant, the term
matric potential is used throughout this manuscript.
Matric potential was also monitored in the field using heat‐
dissipation sensors (Model 229, Campbell Scientific Inc.,
Logan, UT, USA) at one natural ecosystem site (site 20)
and two irrigated sites (sites 14 and 15 on Figure 1). Results
from natural and irrigated sites from January 2002 through
September 2004 were described by Scanlon et al. [2005] and
for the natural site from January 2002 through October 2006
by Scanlon et al. [2007].
2.3. Data Analysis
[17] Drainage or percolation (PeV) below the root zone or
recharge (RV) at the water table can be estimated using the
irrigation front velocity (nif) method. The irrigation front
separates new irrigation water or return flow from old pre‐
irrigation water in the soil profile. The irrigation front is
frequently characterized by a change in soil water Cl and
generally corresponds to the Cl front under rain‐fed agri-
culture described in previous studies [Scanlon et al., 2007].
Application of the irrigation front velocity approach requires
information on the depth interval (Dz) impacted by irriga-
tion during the time of irrigation (Dt):
PeV ¼ RV ¼ vif I ¼ DzDt I ð1Þ
where I is mean volumetric water content over the depth
interval impacted by irrigation below the root zone (∼1 m
depth).
[18] A mass balance method based on Cl (Cl mass bal-
ance, CMB) can also be used to estimate the percolation
(PeCMB) or recharge (RCMB) rate [Allison and Hughes,
1983]. According to the mass balance method, Cl input
from precipitation (P) and irrigation (I) balances Cl output in
percolation (PeCMB) or recharge (RCMB):
P  Clp þ I  ClI ¼ PeCMB  ClUZ ¼ RCMB  ClUZ ;
PeCMB ¼ RCMB ¼ P  Clp þ I  ClIClUZ ð2Þ
where ClP, ClI, and ClUZ are Cl concentrations in precipi-
tation, irrigation water, and unsaturated zone pore water,
respectively. The time required to accumulate Cl in the
unsaturated zone can be calculated by dividing the total
mass of Cl for a depth interval related to a particular land
use by the Cl input:
t ¼
Zz
0
 Cluzdz= P  Clp þ I  ClI
  ð3Þ
Concentrations of Cl in precipitation were obtained from the
National Atmospheric Deposition Program (NADP, http://
nadp.sws.uiuc.edu/), which are generally available for
1980–2007. Concentrations of Cl in precipitation were
doubled to account for dry fallout, which is consistent with
total Cl fallout, according to prebomb 36Cl/Cl ratios in
Amarillo, Texas [Scanlon and Goldsmith, 1997].
[19] The velocity‐based method has fewer data require-
ments, and parameters can be estimated from the measured
profile; therefore, this method is considered more reliable
than the CMB method where practicable. Many inputs
required for the CMB method have not been monitored over
time, particularly irrigation application rates and Cl con-
centrations in irrigation water; therefore, these estimates are
uncertain. Although Cl concentrations in current irrigation
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water were measured for this study, the quality of irrigation
water may have changed over time [Scanlon et al., 2005].
Overestimating Cl inputs in irrigation water results in
overestimation of percolation rates. Chloride may also be
input as KCl fertilizers; however, most land owners indi-
cated that KCl was not applied.
[20] Increases in percolation below the root zone are not
immediately transmitted to the water table. Time is required
to satisfy the water deficit in the unsaturated zone. A wetting
front moves downward as pre‐irrigation profile water is
displaced ahead of the irrigation front. Recharge occurs
when the wetting front reaches the water table. Propagation
velocity of the wetting front (nwf) can be estimated on the
basis of the percolation rate from either the velocity or the
CMB method (PeV or PeCMB) and the difference between
mean volumetric water contents of the irrigation (I ) and
pre‐irrigation () profile depth intervals. Velocity and the
resulting time lag for recharge (twf) are estimated as
vwf ¼ Pev or PeCMB
I  
; twf ¼ WTd  Zvwf ð4Þ
where WTd is water table depth and z is root‐zone depth
(∼1 m) or some other prespecified depth. Solutes related to
irrigation return flow do not impact the groundwater until
the irrigation front has reached the water table. Velocity of
the irrigation front (nif) and the resulting time lag for the
irrigation front (tif) can be estimated on the basis of the
percolation rate (PeV or PeCMB) and the mean volumetric
water content of the irrigation profile depth interval (I ) as
vif ¼ Pev or PeCMB
I
; tif ¼ WTd  zvif ð5Þ
Velocities of the wetting front and irrigation front are equal
when initial water content in the profile () is zero and the
difference between velocities increases as the difference
between water contents increases.
3. Results and Discussion
[21] Estimating percolation/recharge rates under irrigated
agroecosystems requires distinguishing unsaturated zone
pore water derived from irrigation return flow from that
related to rain‐fed agroecosystems and natural ecosystems.
Percolation/recharge rates based on the velocity approach
(equation (1)) are emphasized in this section because they
are more reliable than those based on the CMB approach
(equation (2)). Although this study focused on irrigated
agroecosystems, some of the measured unsaturated zone
profiles may reflect impacts of different land uses prior to
irrigation, including rain‐fed agroecosystems and natural
ecosystems. Understanding controls on percolation/recharge
beneath irrigated agroecosystems, such as soil texture, is
important for regionalizing point data. Whereas profile
sample data provide information on time‐integrated impacts
of irrigation on subsurface flow, understanding the dynam-
ics of subsurface flow requires monitoring. Subsurface
water‐pressure monitoring data can be used to assess the
relative importance of precipitation related to climate vari-
ability and irrigation applications on percolation/recharge.
Comparing percolation/recharge beneath irrigated and
rain‐fed agroecosystems is important for assessing impacts
of change between these two land use types on ground-
water recharge. Groundwater‐level hydrographs provide
direct evidence of impacts of irrigation on groundwater
quantity and can be used to assess sustainability of irri-
gation practices.
3.1. Fingerprinting Irrigation Return Flow
in the Subsurface
[22] Soil water under irrigated agroecosystems can be
distinguished from that under natural ecosystems and rain‐
fed (nonirrigated) agroecosystems on a 3D plot of mean
matric potential head (m) and mean Cl and NO3 con-
centrations (mg/L) for individual profiles (Figure 2 and
Table 1). Unsaturated zone pore water under irrigated
agroecosystems has higher matric potentials (median mp
−40 m) corresponding to wetter soils and higher NO3‐N
levels (median 71 mg/L) than those beneath natural eco-
systems (median mp −200 m and NO3‐N 8.1 mg/L). Dif-
ferences in NO3‐N levels are attributed to assimilation of
NO3 into soil organic nitrogen (SON) in natural ecosystems
[Scanlon et al., 2008b] and fertilizer application and min-
eralization and nitrification of SON beneath irrigated
agroecosystems. Similarity in Cl levels in irrigated and
natural ecosystems (medians 720 and 780 mg/L, respec-
tively) is attributed to high Cl concentrations in irrigation
water (Table 1) and evapoconcentration of irrigation water
Figure 2. Relationship between depth‐weighted mean
matric potential (MP), chloride (Cl), and nitrate‐N (NO3‐N)
in unsaturated zone profiles beneath natural ecosystems
(4 profiles), rain‐fed agroecosystems (19 profiles), and irri-
gated agroecosystems (13 profiles, Table 1). Data for natural
and rain‐fed profiles are from Scanlon et al. [2008a, 2008b].
Black symbols representmedian values of profilemeans below
the root zone (Natural:MP=−200m,Cl = 780mg/L, NO3‐N=
8.1 mg/L; Rain‐fed: MP = −6.6 m, Cl = 8.4 mg/L, NO3‐N =
30 mg/L; Irrigated: MP = −40 m, Cl = 720 mg/L, NO3‐N =
71 mg/L) (Table 1).
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in the root zone during the past 50–60 years versus evapo-
concentration of Cl input from precipitation over millennia
beneath natural ecosystems.
[23] Unsaturated zone pore water under irrigated agroe-
cosystems has much higher Cl (median 720 mg/L) than that
under rain‐fed agroecosystems (median 8.3 mg/L) [Scanlon
et al., 2008b] attributed to high Cl in irrigation water relative
to bulk precipitation (Table 1). Higher NO3‐N levels under
irrigated agroecosystems (median 71 mg/L) relative to rain‐
fed agroecosystems (median 30 mg/L) [Scanlon et al.,
2008b] are attributed to higher fertilizer application rates
based on projected crop yield, which is about two times
higher in irrigated agroecosystems relative to rain‐fed
agroecosystems [Bronson et al., 2006; Colaizzi et al., 2008].
The ability to distinguish unsaturated zone pore water
related to different land use practices allows percolation/
recharge rates to be quantified according to land use.
3.2. Impact of Irrigation on Percolation/Recharge
in Fine‐Grained Soils
[24] The impact of irrigation on subsurface flow was found
to depend strongly on soil texture across the SHP. Irrigation
return flow has not reached the water table in the SHP‐N
region and is restricted to the upper 3.7 and 6.1 m depth zones
in the two measured profiles (1 and 2), where soils are fine
grained and dominated by low‐permeability Pullman clay
loam (Figure 3 and auxiliary material Figure S1). Irrigation
return flow in these profiles is shown by downward dis-
placement of Cl bulges that accumulated under natural
ecosystems that have associated low NO3 levels. These deep
Cl bulges are similar to typical Cl bulges under native
vegetation shown by profile 16, which is in an area that has
never been cultivated. Percolation rates in these profiles are
22 and 36 mm/a (equation (1)). These percolation estimates
are attributed entirely to percolation during irrigated periods
because previous studies show no percolation or displace-
ment of natural Cl bulges beneath rain‐fed systems in these
clay‐loam soils [Scanlon et al., 2008a]. Calculated perco-
lation rates represent time‐integrated estimates that may be
appropriate for profile 1, which was irrigated with a sprin-
kler system throughout and irrigation water quality may not
have changed over time. In contrast, the shallow Cl bulge
related to irrigation in profile 2 and associated high NO3
levels suggest time‐varying processes—a decrease in per-
colation with transition from a gravity‐fed furrow system
(mean application rate 540 mm/a) to a sprinkler center pivot
system (mean 280 mm/a) (Text S2, profile 2) and/or a
Figure 3. Unsaturated zone water content (WC), matric potential (MP), chloride (Cl), and nitrate‐N
(NO3‐N) profiles for natural (16) and irrigated (1, 2) setting boreholes located in Pullman clay loam soils
in the SHP‐N region. Borehole locations are shown in Figure 1. Horizontal dashed lines indicate the depth
intervals impacted by different land uses.
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potential increase in Cl in irrigation water with a large
water table decline from 26 to 81 m depth (auxiliary
material, Table S1, well ID 1149101). Such temporal
variations in percolation and/or Cl in irrigation water could
account for the discrepancy between percolation rates that
were based on velocity and CMB approaches in this pro-
file (Table 1).
3.3. Impact of Irrigation on Subsurface Flow
in Coarse‐Grained Soils
[25] In coarser, more permeable soils in the SHP‐S
region, typical of Amarillo, Olton, and Patricia soils (clay
content ∼15–25%, auxiliary material Figure S1), the Cl
bulge that accumulated under native vegetation has been
displaced below the sampled borehole depths and therefore
cannot be used as a marker to estimate percolation using the
velocity approach (Table 1 and Figures 4, S3, S4, and S5).
Most of the sampled irrigated sites were cultivated under
rain‐fed agriculture prior to irrigation, and 2 of the 11
profiles sample the zone impacted by earlier rain‐fed con-
ditions, as shown by low Cl at depth, with percolation rates
of 18 and 25 mm/a (profiles 3 and 4). Profile 5 had a period
of rain‐fed agriculture (1980–1989) in the middle of the
irrigation period, according to land owner records and
represented by relatively lowCl (150–200mg/L) at 7.3–9.5m
Figure 4. Unsaturated zone water content (WC), matric potential (MP), chloride (Cl), and nitrate‐N
(NO3‐N) profiles for natural (18) and irrigated (4, 5, 6) setting boreholes located in the SHP‐S region.
Borehole locations are shown in Figure 1. Horizontal dashed lines indicate the depth intervals
impacted by different land uses.
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depth (Figure 4). The percolation rate for the shallower irri-
gation zone is 57 mm/a (Table 1).
[26] The remaining eight profiles under irrigated agroe-
cosystems have high mean Cl (median of profile means
830 mg/L) and generally high mean NO3‐N (median
69 mg/L) levels attributed to irrigation return flow. The
range in mean Cl in profiles is within the range of those
under native vegetation in the SHP‐S region. Peak Cl con-
centrations under these irrigated sites are similar to or
greater than peak concentrations currently under native
vegetation. Four of the eight profiles (profiles 6–9) appear to
sample the entire depth interval impacted by irrigation return
flow, as suggested by low Cl concentrations at or near the
bases of these profiles. Estimated percolation rates for these
profiles range from 39 to 55 mm/a on the basis of the
velocity method and from 43 to 87 mm/a on the basis of the
CMB method (Table 1). The remaining profiles (10–13) did
not sample the entire depth intervals impacted by irrigation
return flow; therefore, percolation/recharge rates could only
be estimated using the CMB method (33–97 mm/a). Overall
range in percolation/recharge rates in the SHP‐S region is
18–97 mm/a (median 48 mm/a; Table 1). These percolation/
recharge rates represent time‐integrated estimates for the
duration of irrigation. Information on the use of different
irrigation technologies was obtained from research stations
and landowner records (auxiliary material). Many of the
profiles are characterized by bulge‐shaped Cl profiles, with
peak concentrations near the root zone. These bulge‐shaped
profiles may record time‐varying percolation rates related to
different irrigation technologies having reduced percolation
with transition from flood to sprinkler systems and/or may
reflect increasing Cl concentrations in irrigation water over
time with declining water tables. The tracer‐based approach
for estimating percolation cannot resolve the impacts of
different irrigation technologies on subsurface flow.
3.4. Monitoring Dynamics of Subsurface Water
Movement Using Heat‐Dissipation Sensors
[27] Matric‐potential monitoring supplements the time
integrated information in the profile data by providing
information on percolation dynamics in response to pre-
cipitation, irrigation, and ET. Matric potentials varied tem-
porally to a depth of 4.3 m but remained uniform at depths ≥
7.3 m, according to heat‐dissipation sensor measurements at
profile 14 (Figures 1 and 5). Annual precipitation during the
monitoring period ranged from 230 (2003) to 860 mm
(2004) (www.prism.oregonstate.edu). Percolation to at least
4.3 m in depth is shown by increases in matric potential at
this depth in early 2005 in response to extreme precipitation
in 2004. The year 2004 was the second‐wettest year on
record in the SHP, with precipitation from September
through November 2004 (380 mm), representing ∼320% of
the long‐term (1971–2000) mean for the period (120 mm)
and 84% of the long‐term mean annual precipitation
(450 mm) at this site (www.prism.oregonstate.edu). Elevated
precipitation in September–November 2004 was regionally
distributed, with 73% of the Texas SHP area exceeding
250% of normal precipitation. Soils remained wet until
summer 2006, when drying occurred to 2 m depth, attributed
to crop root water uptake shown by rapid decreases in matric
potentials (Figure 5). In contrast, gradual decreases in matric
potentials at depths of 3.0 and 4.3 m are attributed to per-
colation below the crop root zone. Temporally uniform
matric potentials at 7.3 m indicate constant percolation at this
depth, which is consistent with the presence of bomb tritium
Figure 5. Daily soil water matric potential (MP) monitoring results based on heat dissipation sensors
installed at several depths in the unsaturated zone at the MPL location (map reference 14, Figure 1).
Lower (more negative) values represent drier conditions. Short‐term, rapid MP declines occurring at 1.0 m
and occasionally at 2.0 m depths during summer–fall periods are attributed to root water uptake. Initial MP
increases beginning in 2004 followed by long‐term gradual declines occurring at 2.0, 3.0, and 4.3 m depths
during 2005–2008 are attributed to percolation below the root zone resulting from extreme precipitation
during September–November 2004 (380 mm). No heat dissipation sensors were installed between 4.3 and
7.3 m depths. Daily precipitation data are shown for the city of Morton, Texas, located ∼ 17 km SE of the
site (National Climate Data Center, www.ncdc.noaa.gov).
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at greater depth in this profile [McMahon et al., 2006]. In
contrast, matric‐potential monitoring under native vegetation
showed percolation to at least 3.0 m depth (no instrumen-
tation between 3.0 and 11.7 m depths) followed by rapid
drying in spring/summer 2006 to at least 3 m, which is
attributed to water uptake by deep roots of perennial grasses
[Scanlon et al., 2007]. Monitoring results indicate that
shallow‐rooted cotton crops allow percolation below 2 m
depth, whereas deeper rooted perennial grasses remove soil
water from greater depths, eliminating deep percolation,
which is consistent with the Cl profile data. The monitoring
data indicate that percolation beneath irrigated sites is related
primarily to extreme precipitation events, such as the 2004
intense precipitation, rather than irrigation return flow.
3.5. Comparison of Percolation Rates Beneath
Irrigated and Rain‐Fed Agroecosystems in the SHP
[28] In fine‐textured soils found in the SHP‐N region,
there is no obvious percolation beneath rain−fed agroeco-
systems, given the lack of downward displacement of Cl
bulges that accumulated under natural ecosystems [Scanlon
et al., 2008a]. In contrast, percolation rates under irrigated
agroecosystems are 22 and 36 mm/a (profiles 1 and 2;
Table 1). Farther south, where soils are regionally coarser
and more permeable, the range in percolation/recharge rates
under rain‐fed agroecosystems (4.8–92 mm/a; 19 profiles)
[Scanlon et al., 2007] is similar to that under irrigated
agroecosystems in this study (18–97 mm/a). The general
similarity in range of percolation rates beneath rain‐fed and
irrigated agroecosystems, despite the additional water inputs
in irrigation areas, may be attributed partly to (1) deficit
irrigation practices, (2) higher crop yields, and (3) higher ET
rates for irrigated agroecosystems relative to rain‐fed
agroecosystems. (1) Reported irrigation rates are much
lower than those required for optimal crop yield (580 mm/a),
according to 1988–1999 irrigation studies near Lubbock,
Texas [Wanjura et al., 2002]. (2) Yields for cotton are
estimated to be about two times higher for irrigated than for
rain‐fed management, according to 1998–2005 data from
the SHP [Colaizzi et al., 2008]. (3) Measured cotton ET
rates were two times higher under fully irrigated relative to
rain‐fed cropland, according to weighing lysimeter data for
2000 and 2001 near Amarillo, Texas [Howell et al., 2004].
General consumption of most irrigation water by increased
crop yield is also supported by subsurface matric potential
monitoring, which shows that percolation results primarily
from extreme precipitation events (Figure 5). Differences in
percolation rates between rain‐fed and irrigated cropland
may be related partly to spatial variability in soil texture.
Similarly high percolation rates are found under rain‐fed
(70 mm/a; profile D06–02) [Scanlon et al., 2007] and irri-
gated (57 mm/a, profile 5) agroecosystems in the southeast
part of the SHP, where soils are very sandy.
3.6. Comparison With Other Irrigated Sites
[29] Few studies that quantify percolation/recharge rates
under irrigated agroecosystems are available for comparison
with this study. Uncertainties in percolation/recharge rates
can be estimated by comparing rates on the basis of different
indicators of irrigation return flow. Percolation rates at sites
14 and 15 (Figure 1) vary by factors of 2 to 3, depending on
what indicator of irrigation return flow is used. Penetration
depths of irrigation return flow based on the center of mass
of bomb tritium are 4.9 and 11 m, with corresponding
percolation rates of 17 and 32 mm/a [McMahon et al.,
2006]. Conversely, those based on deepest penetration of
bomb tritium (12 and 23 m, excluding low concentration
tails) are 44 and 60 mm/a, and those based on penetration
depths of high NO3 (20 and 33 m) are 66 and 90 mm/a.
Percolation rates based on NO3 may be too high because
some of the deeper NO3 may be related to earlier rain‐fed
agriculture. Similar percolation/recharge rates were esti-
mated at two sites in the Kansas portion of the central High
Plains on the basis of deepest penetration of bomb‐pulse
tritium (39 and 54 mm/a) [McMahon et al., 2006].
[30] Much higher irrigation application rates (2.0–2.7 m/a)
at irrigated alfalfa sites in the Amargosa Desert, Nevada,
relative to typical application rates in the SHP (∼0.3 m/a)
resulted in higher percolation rates (150 to 280 mm/a) when
the velocity approach was used [Scanlon et al., 2005]. High
irrigation rates (1.2 and 1.9 m/a) at irrigated alfalfa sites in
New Mexico also resulted in high recharge rates (150 and
380 mm/a) [Roark and Healy, 1998].
Figure 6. Estimated water table elevation changes between
predevelopment and 2002 for the Texas portion of the SHP
region modified from Scanlon et al. [2005]. Locations and
figure references for hydrographs in Figure 8 are also shown.
County names in Texas are shown for reference. Estimated
predevelopment water table elevations were based on the
earliest data available in a region with an overall average date
of 1958 (range 1910–1980) from the TWDB database (www.
twdb.state.tx.us). The 2002 water table was also based on
data from the TWDB database.
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3.7. Impact of Irrigation on Groundwater Quantity
[31] The impact of irrigation on water table declines over
the entire High Plains aquifer has been greatest in the SHP,
particularly in the SHP‐N region.Water table declines ≥ 40m
extend across a 6000 km2 area, corresponding to a median
decline rate of ∼1.0 m/a, assuming irrigation pumping over
∼50 years (Figure 6). Water table declines ≥ 30 m extend
across a 10,000 km2 area.McGuire [2009] evaluated changes
in water storage throughout the entire High Plains aquifer
from predevelopment (∼1950) to 2007. Declines ≥ 30 m in
the SHP‐N region are the most intense, representing only 2%
of the total High Plains (HP) area but accounting for 17% of
total water‐storage change (57 km3 out of a total of 330 km3).
Other areas with water table declines ≥ 30 m are found in the
central High Plains in Texas (0.8% of the HP area,
accounting for 7% of the overall water storage change) and in
southwest Kansas (0.9% of the HP area, accounting for 9%
of the overall change). The large water table declines in the
SHP‐N region have occurred where saturated thickness was
originally greater (median 45 m) in a paleovalley area
(Figure 7). In contrast, regional water table declines in the
SHP‐S region have been minimal (median 1 m, mean 3 m),
where initial saturated thickness was less (median 16 m) in a
paleoupland region. Although regional median water table
change is low in the SHP‐S region, water table elevations
have increased in some areas with predominantly rain‐fed
agriculture and decreased in other areas with predominantly
irrigated agriculture (Figure 6).
[32] The previous analysis focuses on net water‐level
changes; however, water‐level changes in representative
well hydrographs provide information on temporal varia-
tions in water‐level changes (Figure 8 and auxiliary material
Table S1 and Figure S6). In the north, hydrographs near
profile 1 show rapid declines (0.3–1.0 m/a) between ∼1950
and 1980, followed by slower declines to the present (0.0–
0.3 m/a) (auxiliary material Figure S6a). Hydrographs near
profile 2 show declines of 1.2–1.4 m/a between ∼1950 and
1985, followed by more gradual declines of ∼0.7 m/a to the
present, with an estimated remaining saturated thickness of
only 15 m (Figure 8a and auxiliary material Table S1).
These declines are consistent with regional water table
declines (Figure 6) and are not an artifact of cones of
depression associated with individual wells. Estimated time
Figure 7. Relationship between predevelopment ground-
water saturated thickness and water level changes in the
SHP‐N (triangles) and SHP‐S (circles) regions. Points rep-
resent median values grouped by deciles of predevelopment
saturated thickness. Median water table declines of up to
50 m were recorded in the SHP‐N region with predevelop-
ment saturated thickness of 90 m. Median water table de-
clines of up to 20 m were recorded in the SHP‐S region
with predevelopment saturated thickness of 50 m.
Figure 8. Groundwater hydrographs for wells located near
unsaturated zone profiles (Figure 6). Profile 2, Hale County;
profile 5, Dawson County, profile 11, Gaines County; pro-
files 3, 12, and 13, Terry County. Dashed lines represent
approximate depth to base of aquifer.
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lags for irrigation return flow to recharge the aquifer (i.e.,
time for the wetting front to reach the current water table)
are 150 years (profile 1) and 530 years (profile 2) and will
continue to increase as water tables decline further with
continued irrigation (Table 1).
[33] In contrast to the large groundwater‐level declines in
the SHP‐N region, well hydrographs in the SHP‐S region
show both decreases and increases over time (auxiliary
material Table S1 and Figure S6). Hydrographs near pro-
files 11 and 13 show large declines (≤0.7 m/a) through the
present (Figure 8b). Hydrographs near profile 6 show large
declines initially (0.5–1.0 m/a) from the mid‐1940s through
the late 1960s that later decreased (0.1–0.5 m/a) as the water
table neared the base of the aquifer. Hydrographs near
profiles 3 and 12 generally do not show systematic varia-
tions over time (Figure 8c). Water levels decreased at rates ≤
0.7 m/a prior to ∼1970, after which many of the hydrographs
showed increases from 0.3 to 0.6 m/a until ∼1990 that may
be related to recharge. In some cases, these increases are
followed by declines to the present (0.4–0.6 m/a). Well
hydrographs near profile 5 in the southeast part of the SHP‐
S region show increases (0.6–0.8 m/a) that began earlier at
shallower depths from the mid‐1960s and from the late
1970s through the early to mid‐1990s (Figure 8d). These
rises are followed by similar rates of decline (0.5–0.7 m/a),
attributed to expansion of irrigation. Previous analyses in
this region show that the area irrigated by center pivots
expanded by 78% between 1995 (171 km2) and 2005
(305 km2) in response to prior regional groundwater level
rises of ∼7 m over a 3400 km2 area [Scanlon et al., 2007].
[34] Rising groundwater levels in different regions can
be used to estimate groundwater recharge rates, which
range from 10 to 120 mm/a (median 57 mm/a; auxiliary
material, Table S1). These recharge rates may represent
upper bounds if they reflect water table response to regional
reductions in irrigation pumpage, or theymay represent lower
bounds if water table rises are impacted by irrigation pum-
page. Recharge rates estimated from hydrographs are gener-
ally consistent with, or slightly higher than, those based on
unsaturated zone data, indicating that they are reasonable
(Table 1). The time lag between percolation below the root
zone and recharge at the water table associated with con-
version from natural ecosystems to rain‐fed agroecosystems
was estimated regionally in the south using both the velocity
of the wetting front (nwf, equation (4)) and the velocity of the
chloride front (ncf, equivalent to the irrigation front nif,
equation (5)) [Scanlon et al., 2007]. Results indicate that the
time lag for the wetting front to reach the water table is
about 60 years on the basis of a mean recharge rate of
21 mm/a, whereas the time lag for the chloride front to reach
the water table is about 170 years [Scanlon et al., 2007].
Given the time since the beginning of cultivation in the early
1900s with irrigation since the 1950s, the wetting‐front time‐
lag estimate is consistent with well hydrograph data and
suggests that recharge is currently occurring under many of
these sites.
3.8. Sustainable Irrigation Versus Managed Aquifer
Depletion
[35] The amount of irrigation pumpage that can be sus-
tained in the SHP can be estimated from the aquifer recharge
rate. In the area of fine‐grained soils in the SHP‐N region,
there is no recharge under rain‐fed or irrigated agroeco-
systems. Recharge in areas of natural ecosystems is
restricted to ephemeral lakes or playas, and regional
recharge estimates in this region based on groundwater Cl
data range from 6 mm/a, using long‐term Cl concentrations
in bulk precipitation [Scanlon et al., 2008a], to 11 mm/a,
using Cl precipitation data from 1 year [Wood and Sanford,
1995]. A regional recharge rate of 6 mm/a cannot sustain-
ably support irrigation. Currently, ∼20% of the SHP‐N is
irrigated. Many groundwater conservation districts farther
north in the central High Plains have adopted a managed
groundwater depletion approach and allow up to 50% of the
groundwater to be depleted in 50 years (∼2000–2050)
[Texas Water Development Board, 2007]. Groundwater has
been depleted by 50–75% of predevelopment saturated
thickness, according to water‐level hydrographs in the
SHP‐N region. Because of the extremely low recharge in
this region, groundwater depletion essentially constitutes
mining of the aquifer.
[36] In the SHP‐S region, where soils are coarser grained
and more permeable and the water table is shallower,
recharge rates under rain‐fed and irrigated agroecosys-
tems can be used to estimate sustainable irrigation levels
(Figure 9). Median recharge rates under rain‐fed (24 mm/a,
77% of cultivated area) and irrigated (48 mm/a, 23% of
cultivated areas) agroecosystems result in an area‐weighted
recharge rate of 30 mm/a. Sustaining the median irrigation
application rate of 300 mm/a would require a recharge rate
of 69 mm/a in cultivated areas. The discrepancy between
the required recharge rate (69 mm/a) and the estimated
Figure 9. Relationship between irrigated area, expressed
as a percentage of total cultivated area, and irrigation appli-
cation rate for the SHP‐S region in Texas. Shaded area
represents sustainable conditions, based on median recharge
of 24 mm/a under rain‐fed areas and 48 mm/a under irri-
gated areas resulting in an area‐weighted mean recharge
(with 23% of cultivated areas under irrigation) of 30 mm/
a. Sustaining the current median irrigation rate (300 mm/a)
would require a recharge rate of 69 mm/a. Arrows indicate
different approaches to reaching sustainability with respect
to groundwater quantity: reducing the irrigated area from
23% to 9% or reducing the irrigation rate from 300 mm/a
to 120 mm/a.
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actual recharge rate (30 mm/a) represents groundwater
overdraft or mining of the aquifer. Given the areally aver-
aged recharge rate under cultivated land of 30 mm/a, sus-
tainability with respect to water quantity could be achieved
by reducing the irrigated area from the current value of 23%
to 9% of cultivated land. The lack of net change in
groundwater levels in some regions (rising and falling water
tables) suggests that the aquifer may be approaching sus-
tainable development that is self‐regulated by limited aquifer
saturated thickness that can support irrigation. This type of
analysis should be applied to other irrigated areas in semiarid
regions to determine what level of irrigation is sustainable.
4. Conclusions
[37] The ability to fingerprint irrigation return flow in the
subsurface using the hydrostratigraphic record of soil
physics and solute tracers preserved in the unsaturated zone
links surface irrigation practices with groundwater resources
and provides process understanding for improved manage-
ment of irrigation. Unsaturated zone pore water related to
irrigated agroecosystems (13 profiles) has higher median
NO3‐N (71 mg/L) and higher median matric potential
(wetter soils, −40 m) than those related to natural ecosys-
tems (4 profiles, NO3‐N, 8.1 mg/L; mp, −200 m) and has
higher median Cl (720 mg/L) than that related to rain‐fed
agroecosystems (19 profiles, 8.3 mg/L).
[38] Percolation rates under irrigated agroecosystems in
low‐permeability, fine‐grained soils in the SHP‐N region
are 22 and 36mm/a (3–4% of irrigation + precipitation, I + P).
In contrast, there is very little or no percolation under rain‐fed
agroecosystems in these soils. Percolation rates under irri-
gated agroecosystems in higher permeability, coarser‐
grained soils to the south range from 18 to 97 mm/a (3–13%
of I + P), which is similar to the range beneath rain‐fed
agroecosystems (4.8–92 mm/a), although median percolation
rate beneath irrigated sites (48 mm/a) is higher than that
beneath rain‐fed sites (24 mm/a). The general similarity in
range of percolation rates may be attributed to deficit irri-
gation (∼300 mm/a relative to ∼600 mm/a to achieve maxi-
mum crop yield) and to higher crop yield (about double) and
increased ET for irrigated sites that consume more water than
do rain‐fed sites. Percolation under irrigated agroecosystems
is attributed primarily to extreme precipitation events, as
indicated by matric‐potential monitoring, which showed
percolation to be between 4.3 and 7.3 m depth in response to
intense precipitation (∼300% of long‐term mean precipita-
tion, September–November 2004).
[39] Groundwater depletion caused by irrigation pum-
page varies with initial aquifer saturated thickness and is
greatest in the north, where the original median saturated
thickness was 45 m. Well hydrographs show large declines
(≤1.4 m/a) in this region, with regional declines ≥ 30 m
over a 10,000‐km2 area, the most intense groundwater
depletion in the entire High Plains aquifer. In sandier soils
in the south, some hydrographs show large early declines
(≤1.0 m/a), followed by a leveling off, whereas others show
no net change as water levels decreased and increased at
different times. Low recharge rates in the north (6 mm/a)
cannot support irrigation sustainably; therefore, irrigation
may be managed through prespecified aquifer depletion
rates. In the south, areally weighted mean recharge under
rain‐fed and irrigated agroecosystems of 30 mm/a could
support irrigation of 9% of cultivated land, with an irriga-
tion rate of 300 mm/a, which is about 40% of the current
irrigated land area. Approaches for fingerprinting irrigation
return flow and quantifying recharge rates can be applied to
other groundwater‐fed irrigated areas in semiarid regions
globally to assess sustainable irrigation levels.
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